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 We related subcortical morphology to subthreshold depression (StD) in adolescents  StD had mostly positively associations (outward shape associated with higher StD)  StD associated with outward hippocampal and amygdala morphology in females (N=160)  And outward hippocampal, thalamic, and basal ganglia morphology in males (N=96)  Pro-inflammatory cytokines did not mediate these relationships Abstract Objective: Subclinical or subthreshold depressive symptoms (StD) are frequent in adolescence and are related to suicidality and onset of depression in adulthood, however, their neurobiology is poorly understood. We examined the relationship between StD and subcortical grey matter structures in unmedicated adolescents with no history of axis I diagnosis. Methods: 277 youths from Chicago aged 14 years participated, undergoing a structural MRI scan and completing the Revised Children's Anxiety and Depression Scale (RCADS). Blood samples provided a composite of five pro-inflammatory cytokines. Regions of interest (ROI) for vertex-based surface analysis were the left and right amygdala, hippocampus, thalamus, caudate, nucleus accumbens, pallidum and putamen. Covariates were age, pubertal status, socioeconomic disadvantage and intracranial volume. Males and females were analysed separately. Results: StD had positive associations (outward shape) with subcortical morphology in the right amygdala and left hippocampus in females, and the bilateral putamen and the left caudate, hippocampus and thalamus in males. However, we also found negative associations with StD (inward contractions) in the hippocampus in females and the caudate in males. Proinflammatory cytokines did not mediate the relationship between StD and outward morphology or volume. Conclusion: This is one of the first studies to examine subcortical morphology of basal ganglia and thalamic regions related to StD in adolescents, and the first study to report mostly positive associations between StD, volume and outward morphology in youths. These findings could reflect intact neurogenesis or resilience to depression, however longitudinal research is needed to further understand the neurobiology of StD in adolescents.
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Introduction
Adolescence is a critical period for the onset of depressive disorders, with 14 per cent of males and 28 per cent of females experiencing a depressive episode by age 18 (Hankin et al., 1998) . Subclinical or subthreshold depressive symptoms (StD) are frequent in adolescence (Pine et al., 1999) , with a lifetime prevalence as high as 26 per cent (Fergusson et al., 2005) . Despite not meeting diagnostic criteria, StD can be distressing and impairing, are related to functional impairment and suicidality (Balazs et al., 2013) , and onset of depression in adulthood (Pine et al., 1999) . An improved understanding of the neurobiology of StD in adolescence could lead to early detection mechanisms to reduce burden of disease in these individuals, and reduce risk for conversion to major depressive disorder (MDD), which is a leading cause of disability, globally.
Structural neuroimaging studies have attempted to identify biomarkers of MDD.
Meta-analyses, which largely include adults, have reported reduced volume of subcortical grey matter (GM) structures, including the hippocampus (Arnone et al., 2012; Schmaal et al., 2016) , thalamus and basal ganglia (Kempton et al., 2011) . These findings are also reported in studies specific to children and adolescents. For example, pediatric MDD has been associated with smaller volume of the hippocampus, particularly on the left (Caetano et al., 2007; MacMaster and Kusumakar, 2004; MacMaster et al., 2008) , right striatum (Matsuo et al., 2008) , and bilateral amygdala (Rosso et al., 2005) , although the amygdala finding is sometimes absent or greater than healthy controls (MacMillan et al., 2003) .
Fewer neuroimaging studies have been performed in StD, but some studies report reduced volume in subcortical regions in adults. For example, one study found adults with StD had decreased GM volume in the bilateral globus pallidus and increased GM volume in the left thalamus, which correlated with symptom severity (Li et al., 2017) .
Another study found StD was associated with reduced volume of the hippocampus only in males (Spalletta et al., 2014) . Li, Wei et al. (2015) found that in 20-year-old women, StD was associated with increased left amygdala volume.
Very few studies have examined the impact of StD on subcortical GM in youths. Vulser et al. (2015) found that adolescents aged 16 with StD had smaller caudate volumes at age 14 compared to healthy controls. Studies of adolescents at risk for developing MDD have also reported subcortical GM abnormalities. For example, girls aged 9-15 years at high familial risk but who had not experienced onset of MDD were found to have reduced hippocampal volume (Chen et al., 2010) compared to a low-risk group.
Morphology, or shape analysis, of subcortical structures may be more sensitive than measurements of volume, as it provides localized regions of shape changes, whereas volume only provides a single value for an entire structure, hence less information. E.g. Watanabe et al. (2017) did not find volumetric differences between adults with firstepisode MDD and healthy controls, but they did find significant inward contractions, predominantly in the cornu ammonis (CA1) and subiculum in the bilateral hippocampi in the MDD group. Other studies in adults have also reported bilateral morphological changes in hippocampal sub-regions including the subiculum and CA1, in adults with acute MDD (Cole et al., 2010) and at five-year follow-up after a first episode (Isikli et al., 2013) . Hippocampal shape differences in adolescents with early-onset depression have also been reported (Ramezani et al., 2014) . The only study to examine subcortical morphology as it related to MDD in structures other than the hippocampus, is Lu and colleagues (2016) . These researchers found regionally contracted areas of the ventromedial and dorsolateral bilateral putamen, and dorsal and ventral areas of the left thalamus in adults with first-episode MDD.
Analysis of subcortical morphology can capture localized variations of the structures, including functionally distinct subregions, and could enlighten discrepant findings in the literature. While morphology and volume of the hippocampus and to a lesser extent the amygdala have been studied in MDD, we aimed to extend our analysis to the basal ganglia, given the importance of these regions in reward, and known reward processing deficits in MDD. We also attempted to extend the finding of contracted thalamus in first-episode MDD by Lu et al. to our sample of youths. As such, our study was the first to examine the relationship between StD and multiple subcortical surface shapes in adolescents. We hypothesized that StD would be negatively associated with volume and morphology (i.e. greater StD would be associated with lower volume and more inward surface contractions compared to the population average) of subcortical GM. Given sexual dimorphisms in subcortical structural maturation patterns (Giedd et al., 2015) , stress-related changes in brain morphology (McLaughlin et al., 2009) , that females are almost twice as likely to develop MDD than males (Kessler et al., 1993) , and that
Methods

Participants
Participants comprised 277 youths from the greater Chicago community.
Exclusion criteria were: history of prescription medication during the prior three months, chronic medical or psychiatric illness, infectious disease during the past two weeks, and current pregnancy. A parent or caregiver completed interviews about their youth.
Youths completed an MRI scan at Northwestern University. Of the 277 youths enrolled, the final analytic sample was 256. Fifteen individuals were too obese or anxious or could not schedule a scan. Visual inspection of FreeSurfer parcellations of T1 images resulted in exclusion of individuals due to poor segmentations (3 female, 2 male), and presence of agenesis of the corpus callosum (1 female). Demographic information is displayed in Table 1 . As expected, compared to males, female youth had significantly smaller intra-cranial volume and were at a more advanced pubertal stage, providing further justification for examining males and females separately.
Measures
The short version of the Revised Children's Anxiety and Depression Scale (RCADS) (Ebesutani et al., 2012) is a 25 item self-report measure. Higher scores indicate worse symptoms. Subscales measure symptoms of Anxiety and Major Depressive Disorder (MDD). T scores (adjusted for gender and grade) of the MDD scale were used to measure StD. Three values greater than 3 standard deviations (SD) from the mean were Winsorized (Dixon, 1960) to the highest value within three SDs. These outliers can be seen in Figure 1 . As axis I diagnoses were exclusion criteria, we consider these symptoms subthreshold. However, following Winsorization, 8 of 256 individuals scored slightly above the RCADS-25 clinical threshold (70) ( pallidum and thalamus) were automatically generated for each participant using the FS+LDDMM pipeline (Khan et al., 2008) . This combines FreeSurfer's (FS) probabilistic voxel-based classification and a deformable, high dimensional template-based method of large deformation diffeomorphic metric mapping (LDDMM) (Beg et al., 2005) . FS (version 5.3) subcortical labeling obtained the initial subcortical segmentations. This was followed with image alignment and intensity normalization with LDDMM (Beg et al., 2005) , which produces smooth transformations for each region of interest (ROI). In previous research (Csernansky et al., 2004) we have established that diffeomorphic mapping of structural MRI resulted in reliable and valid maps between anatomical atlases and participant scans, with sub-mm precision. Furthermore, we have demonstrated valid and reliable surface-based representations of anatomical structures based on these maps, which produced disease-specific biomarkers of deformation patterns (e.g. Csernansky et al., 2004; Wang et al., 2007; Wang et al., 2006) .
Subcortical surface processing
Each subcortical surface was visually inspected, then rigidly registered to atlas space to calculate a population average. For each participant, local shape variation was calculated from the population average (all participants) by quantifying the perpendicular amplitude between surfaces at a vertex-to-vertex level. Quantification of perpendicular change between surfaces was assigned a positive (outward variation from population average) or negative (inward variation) value. For each ROI, shape variation values at each vertex were also summed across the whole surface to calculate overall volume for each participant for each ROI, utilizing the volume enclosed within the surfaces. StD is associated with inward shape variation from the population average. Separate models were tested for each ROI. To test whether the pro-inflammatory cytokine composite mediated the relationship between RCADS-MDD and morphology, we used the PROCESS module implemented in SPSS. Age, puberty status (from the Pubertal Development Scale (Petersen et al., 1988) ), total intracranial volume (ICV, estimated by FS) and socioeconomic disadvantage were covaried in all volumetric and surface analyses. Race is not typically included as a covariate in similar studies, and we expected any variance related to race to be mostly explained by SES and ICV. To confirm, we included race and ethnicity as covariates in analyses and the pattern of results did not alter, therefore we did not further consider race or ethnicity in analyses.
Statistical analyses
Results
An independent samples t test found that RCADS-MDD did not differ between males and females (Table 1, Figure 1 ).
( Figure 1 about here) 
RCADS-MDD and volume
Mean subcortical volumes for males and females are reported in eTable 1. Table 2 summarizes results of the volume regressions. In females, there was a significant association between RCADS-MDD and volume of the left and right amygdala, and the left thalamus. There were trending values for the left and right hippocampi. For males, there was a significant association between RCADS-MDD and left putamen volume. In all cases the standardized regression coefficients were positively signed, indicating that as RCADS-MDD increased, so did the volume of the bilateral amygdala and left thalamus in females, and the left putamen in males.
(Table 2 about here) with local shape variation (i.e., more MDD symptoms are associated with more outward local shape variation), and cool colors indicate areas where it is negatively associated with local shape variation (i.e., more MDD symptoms related to more inward local shape variation).
RCADS-MDD and morphology
( Figure 2 about here) In males, positive associations between morphology and RCADS-MDD were found in the lateral putamen bilaterally and in the dorsal and anterior putamen in the left hemisphere. Positive associations were also found in the left anterior hippocampal head, superolateral thalamus, and caudate head. There was a negative association in the left ventral caudate body.
In females, there was a positive association between morphology and RCADS-MDD in the left posterior-inferior subiculum of the hippocampus and the right superioranterior amygdala. There was a negative association in the left superior-anterior hippocampal tail.
( Figure 3 about here) 
Mediation by inflammation
Mediation analysis did not find any significant indirect effect of the cytokine composite on the relationship between RCADS-MDD and any measure of volume or mean morphology of any ROI.
( Table 3 about here)
Discussion
We examined the relationship between StD and subcortical structural volume and morphology in adolescents. Our hypothesis of negative associations between RCADS-MDD and volume and morphology of the ROIs was largely not supported, although local regions of the hippocampus in females and caudate in males did show negative associations. Predominantly, we found volume and outward morphology were positively associated with higher StD. This relationship was not mediated by inflammation. While most literature reports negative associations between StD and volume and GM morphology, we describe recent evidence consistent with our findings. Potential mechanisms of the morphological changes are discussed in relation to clinical characteristics.
StD was positively associated with volume of the right amygdala. These results support findings of increased amygdala volume in 20-year-old females with StD (Li et al., 2015) , adults with first-episode MDD (Frodl et al., 2002) , and female adolescents (Whittle et al., 2014) . Meta-analyses have suggested antidepressant (Hamilton et al., 2008) and antipsychotic medications (Schmaal et al., 2016) relate to increased subcortical volumes in MDD. However, amygdala volume correlates with depression in firstepisode, medication-naïve patients (van Eijndhoven et al., 2009) , and in the present study, previous psychiatric history and taking prescription medication within the past three months were exclusion criteria. Therefore, the present results cannot be explained by medication effects.
Consistent with our putamen finding, Shad et al. (2012) reported that adolescents with MDD had larger volume of the putamen and pallidum than healthy controls. The same study however, reported lower volume of the bilateral caudate and thalamus in MDD patients, although when they covaried for SES, their results lost significance (Shad et al., 2012) . A study of adults with StD found smaller volume of the bilateral thalamus (Webb et al., 2014) , contrary to our thalamic finding in males here. Our observed positive associations between volume and StD contrast reports of decreased subcortical volumes in pediatric MDD (Caetano et al., 2007; Matsuo et al., 2008; Rosso et al., 2005) and meta-analyses of studies primarily or solely comprised of adults, in the basal ganglia (Arnone et al., 2012; Kempton et al., 2011; Koolschijn et al., 2009) , thalamus (Kempton et al., 2011) , hippocampus (Kempton et al., 2011; Koolschijn et al., 2009 ) and amygdala (Bora et al., 2012) . However, a recent meta-analysis of first-episode medication-naïve patients with MDD found increased GM in the right putamen and bilateral thalamus . Thus, additional research is required to elucidate the relationship between StD and subcortical GM.
The lack of regional overlap in the morphology findings between males and females was striking. In males, positive associations between morphology and StD were observed in the bilateral putamen, left caudate, hippocampal head, and lateral thalamus.
In contrast, for females, positive associations were found in the left posterior hippocampus and right amygdala. Males and females showed negative associations in the left caudate and left hippocampus, respectively. The males and females in this study did differ significantly in pubertal stage, to be expected at this age, however we included pubertal status as a covariate in all models. The different pattern of results for males and females could be due to differences in the biological effects of gonadal hormones on brain development.
The hippocampus showed regions of positive associations with StD in both males and females, but there was also a negative association in the left hippocampus tail in females, partly in line with our hypothesis. That we found this effect in females only could reflect the increased vulnerability of females to mood disorders (Kessler et al., 1993) . This negative hippocampal association supports previous studies in adults with MDD that have reported inward contractions in the hippocampus, including the left or bilateral tail (Cole et al., 2010; Isikli et al., 2013; Posener et al., 2003; Watanabe et al., 2017) . Only one morphological study of subcortical GM as it relates to MDD has been reported in adolescents, which reported shape differences in the putamen and hippocampus between MDD patients and controls (Ramezani et al., 2014) . The only other area of inward contraction we observed was in the left caudate for males, not supporting Lu et al. (2016) who found inward contractions of the putamen and thalamus.
However, that study was of adults with first-episode MDD, and as discussed next, clinical characteristics such as disease state and course are important to consider.
Researchers have attributed the structural alterations associated with MDD, particularly of the hippocampus and amygdala (Lupien et al., 2009 ) to stress, as it's one of the strongest predictors of MDD. Chronic stress produces prolonged activation of the hypothalamic-pituitary-adrenal (HPA) axis (Lupien et al., 2009 ), involving the same pathophysiological process as inflammation (Zunszain et al., 2011) . However, mediation analysis did not find that our pro-inflammatory cytokine composite mediated the relationship between RCADS-MDD and morphology, thus an alternative explanation is required.
Evidence that our results reflect a preclinical stage comes from research that has considered disease course. A recent study (Yuksel et al., 2018) found amygdala volume increased only in adults with a mild course of depression (0-1 episodes over a 3-year follow-up) compared with those with a severe course (>1 episode). Some researchers argue that initial MDD episodes are associated with increased amygdala volume that decreases following repeated episodes (McEwen, 2003; Merz et al., 2018) . A riskenriched longitudinal study of adolescents (Whittle et al., 2014) found that first-episode MDD was associated with attenuated reduction in putamen volume over four years, with attenuated growth of the hippocampus in males and accelerated growth of the amygdala in females. Whittle et al. suggested these abnormal developments may represent a vulnerability for MDD, and reflect a departure from the normative pattern of development, both growth and volume reduction, potentially due to lack of synaptic pruning or myelination. Similarly, Muetzel et al. (2018) found that internalizing and externalizing problems were related to attenuated increases in subcortical volume in a non-clinical sample of 8-year-old children measured over two years. Thus, our results may reflect an alteration in the normal pattern of development of subcortical regions associated with StD.
Our study is the first to our knowledge to report positive associations between subthreshold depressive symptoms and subcortical volume and outward morphology in adolescents. However, antidepressant treatment has been reported to normalize reduced hippocampal volume in MDD (Arnone et al., 2013) . Further, increases in basal ganglia volume and local outward increases of morphometry differentiate treatment responders to ECT from non-responders (Wade et al., 2016) . Thus, it's possible the positive associations between StD and morphology reflect intact plasticity and neurogenesis, and/or resilience to depression.
The present study was cross-sectional, and such a design does not allow inferences about causality or developmental trajectories. Future longitudinal research is needed. We restricted our analysis to subcortical regions, and cortical regions also play a role in MDD and emotion regulation, and consistent with our results, research has reported increased cortical thickness in untreated MDD (Qiu et al., 2014) . There is a lack of dimensional studies of StD examining subcortical volume and morphology; out of necessity our hypotheses had to be based on categorical studies comparing patients with StD or active MDD to healthy controls. An even greater lack of such studies in adolescents exists, and consequently we had to rely on adult literature, however, the participants in our study were 14 years of age and therefore still undergoing neurodevelopment of subcortical structures (Giedd et al., 2015) . Studies of StD differ in their definition of StD, with some including participants who scored within a mid-range on questionnaire measures of symptoms (Li et al., 2015; Li et al., 2017) , or who reported at least three of the DSM criteria (Vulser et al., 2015) . Most similar to the present study, some included participants scoring anywhere within the full sub-clinical range (Spalletta et al., 2014) . Thus, it's possible that our participants may have had less severity of depressive symptoms than some previous studies. Future RDoC-inspired studies like the present one will be useful to confirm our findings. This is the first study to report primarily positive associations between StD, volume and outward morphology in youths. Future longitudinal research, ideally utilizing dimensional measures, will further our understanding of the neurobiology of StD. Note. 1 One value for the RCADS Anxiety T score was Winsorized to be within 3SD of the mean. Note. StD=RCADS Winsorized MDD subthreshold depression score, ROI= region of interest, Boot SE = bootstrap standard error, LLCI= lower limit confidence interval, ULCI= upper limit confidence interval.
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